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SUMMARY

The six-component meesurements on a straight' and .a

35% swept=baock trapezoldal wing ? By === 23

la

NACA airfoll section 0012; normal rounding of tips),
which dlffer from each other only in sweepback, have
indicated the following resulta:

3

A, Unstalled Flow Reglme

W thout flaps the rolling moment due to yaw of both
wings (for f > 0) 4ia positive, the leading wing is
ralsed, the yewing moment due to yaw negative (restoring).
A comparlison of the stralght traperzoldal wing with the
corresponding stralght rectangular wing indicates that-
the magnitude of. the moments 1is reduced by the taper, as
stipulated by theory; the agreement is also good quanti-
tatively. The magnitude of the rolling moments due
to yaw and of the yawlng moments due to yaw is substan-
tlally increased by the sweepbeck;. this effect 1s lilkewlse
reproduced satisfactorily by the theory. '

Even with flaps the rolling moments dus to yaw and .
the yawing moments due to yaw are greater on the wing with
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sweepback than on that without 1t. On the straight wing
a flap deflection has the effect of a variation in profile
camber: at o5 = 0O a negatlve rolling moment due to yaw

exists, while the increase wlth ¢, 1s about the seme as

without flaps. On the swept-back wing also the increase
of the rolling moment due to yaw with ¢, 1s not essen-

tially modified by flap deflection, but the moment 1s
conslderably dependent on the flep width at 0g = 0; with

20 percent flaps the swept-back wing has the same (nega-
ive) zero-1lift moment as the straight wing, while for

the full span (100 percent) flaps a zero-1lift moment of
about twlce the moment and opposite (positive) prefix was
recorded. This tles in with the observatlon that the 1ift
of the stralght wing with flaps 1n yaw remsins gero under
constant angle of attack, when 1t disappears for f = 0,
while the swept-back wing in thls Ilnstance recelves posl=-
tive 1ift. These phenomena, which rest on the fact that

on the swept-back wing the adjustment of the angle of
attack 1s not accomplished by rotation about the 11/ 1line
as on the stralght wing, can be explalned theoretlocally;
the agreement with the test data 1s good.

~

B. Behavior At Maximum ILift

Except for too small Reynolds numbers the maximum
1ift, esveclally the effect of flap deflections, 1is
reduced by sweepback, as proved by the present measure-
ments. However, the effect 1s known to be greatly
dependent on the Reynolds number, so that the secured
data cannot be arbltrarily generalized. Noteworthy - in
contrast to other swept-back alrfoll measurements at
similar Rg - 1s a comparatively high ¢, increase

max

owlng to flap deflecthon.

The breakdown of flow on the swept-back wing 1s
characterized by great sudden variatlions in the rolling
moments due to yaw with minor 1i1ft changes as well as by
tail heavy (stalling) acting varlations of the piltching
moment, whlle the rolling-moment variatlions of the-
straight wing are somewhat smaller and assoclated with
great 1l1ft changes and nose-heavy pltching-moment varia-
tions. The cause of thls dissimller behavior is that the
flow on the stralght wing breaks down first in the central
part of the span, on the swept-back wing first at the tips.
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I. INTRODUCTION

In accord wlth the test program (published in refer-
ence T7) the wing in question is briefly designated as
No. 5. It differs from the rectangular wing (No. 1) dis-
cugsed 1n reference 7 by its taper and from the
35° swept-back trapezoidal wing (No. 9) treated im refer-
ence 8 by the absence of aweepback.

Since the effect of sweepback can be lnvestlgated
only in the light of the data on the stralght wing an
Interpretation of the test data on the swept-back wing
was omltted in (8). The present report conslsts there-
fore of two principal partss section V deals above all,
respectively, with the straight trapezoldel wing (No. 5)
and by having recourse to the rectangular wing (No. 1)
with the effect of taper, whlle section VI 1s primarily
concerned with the swept-back wing (No., 9), and with
wing No. 5 merely as comparative wing.

IT. NOTATION

Lift, drag and transverse force ars referred to the
wind axis system (OIN L 100), the pitching, rolling,and
yawing moments to the experimental system of eaxes
(of. reforence 5). The origin the coordinate systems is
placed on the profile chord of the central section at
1/l wing chord. While the pltching moment of the swept-
back wing (No. 9) 1s, us 1n reference 8, referred to
the measured quarter-chord point of' the smooth wlng (no
landing aids), the lateral axis placed at quarter-chord
polint which 1s lilttle behind the measured neutral point,
was chosen as reference axlas, as for wing No, 1. For the
rest of the definltions see figure 1.

\'i alrspeed
P . alr denslty

P

1According to oral report from the Junkers Co.
comprehensive test data on swept-back wings (especlally
also with flap deflections) are avallable but have never
been made publlc.
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dynamic pressure

wing area

span

wlng chord

wing chord inside (wing center)

wing chord outslide (wing tip)

meag wing chord

aspect ratlo

taper

angle of sweepback (referred to 1/l line,

positive for swept-back wing)

Reynolds number

geometrlic angle of attack wlth respect to
tunnel axls '

angle of attaock corrected for sllpstream
inclination, tunnel-wall Interference
effect and wire length

angle of slip

11t
drag (in air-stream direction)

transverse force (perﬁendicular to alr-
stream direction)

lateral force (spanwise direction)
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M= ondily pltching moment

Mn = cyndFiy pltching moment (referred to neutral point
of smooth wing)

L= cLQF% rolling moment
‘ N = cyqFo awing moment
deg
cg' = ~—— ‘11ft Incremont
da
: de,
ca' orof%le conatant iy at A = o

The subscrint O indicates that the respective coef-
ficlent 1s to be taken at squal 3 for ¢4z = 0.

The subscript g signifies that the coefflclent
refers to equal u« at (=0 (g = straight alr flow),
subscript Pf that o ly the sweepbuck effect (the dif-
ference between the wing with and without sweepback) 1s
consldered.

III. DESCRIPTION OF MODEL

Wing No. 5 was manufactured of reinforced plywood-,
i1ts dimensions ure glven in figure 2. The 1/L4 line is
stralght, the taper Z amounts to 2. Without end cap the
wing span i1s 1.5 m and the mean chord 0.5 m, hence the
aspect ratio A = 5. On account of the "normal" rounding
of the tips (semiclrcular with the local half profils
thilckness as radius) wlith which the wing is fitted, wing
area, span,and aspect ratlo ure increased by 0.7 percent,
1.6 percent and 2.5 percent; however, the coefficients in
the followling are always referred to ths mass of non-
rounded wing (F ='0.45 m2; b = 1.5). Apart from the
end cap the wing has the NACA section 0012 along the span;
dlhedral and warplng are absent.

The split flaps,which extend 100 percent and
50 percent (inslde) across the span, were attached at

|
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80 percent wing chord and formed a 60° angle with the
profile tangent (fig. 2).

IV.- TESTING PROCEDURE AND INTERPRETATION OF TESTS

The tests were Eun in the medjum wind tunnel of the
DVL at q = 156 ko/m= Re = 1 X 10°) dynamic pressure.

The slx-component meaaurements were ryn over the angle of
yaw, that is, angle p was varied at 5° each between 300
and -30° with fixed angle of attack ag, For = 120

(end naturally for £ = 0) the angle of attack was varled
for fixed p. Because of the symmetry control the measure-
ments were always made for positive and negative f, and
also for several negative cg values on the wing without
and with 50 percent split flaps. The symmetry was
satlsfylng, though not quite as good &s on wlng No. 9,

which being of alil metal, could be manufactured particularly
accurate, The assymnetry of the drag wlth respect to a,
already observed on wing No. 9, was noted agaln.,

The suspension system 1s 1llustrated 1n figure 3.
To avolid a disturbance of the transverse force, no moment
lever was used, the wire lsadling to the moment balance
was attached to a smull eye located directly béhlind the
wing tralling edge and also carrled purt of the initial
load. The rest of the initlal load belng on a wire which
applied on the siralght line connecting the two forward
bearings. This wire forms the sole disturbunce of the
suctlon slde, so that 1t can be regarded us practically
undlisturbed. Care weas agaln taken to prevent any air
from passing from the preasure slde to the suctlon side.
The wires were of round section.

The angle of attark a 18 corrected for tunnel-wall
interference effect. r1he wire length, however, was then
not taken into conslderation, since lts effect on a was
very small according to several sampling tests. The cor-
rections on the forces and moments followed the customary
procedure, with due consideration to the relatlonship '
exlsting between angle of uttack ag and pitchlng-moment

correction,

In tho charts wilth respect to a (figs, 7 to 9) a
correction of the symmetry with respect to 3 was omitted
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_as 1in reference 8, while in those with respect to f
the test values averaged for +{# are represented. The
derivations wlith respect to  were formed by gividing

the test values averaged for B = 5° by 5 x (T

V. RESULTS OF TESTS ON STRAIGHT WING,

COMPARISON WITH THEORY
A. Stralght Alr Flow

1. Without flaps (figs. l} and 7).~ Consplcious on the
curves cg(Q), Cyp.id), cq(a) 1s the marked depression in
the ¢y ~curve, wrich as on the rectangular wing (refer-
ence 7, fig. 7) sets in at about a = 6° and 1s at the

de
same time assoclated wilth' a temporary rise in 15%- The
curve of cg(a) for wing No. 5 and wing No. 1 is, up to
the cgpoy Of the latter, almost ldentlcal (theoretlocully

decg

the 7;; of wing No. 5 should be about 2 percent greater),

the amgx of wing No. 1 is about 29, the capgx
about 0.03 smaller than for wing No. 5. The polar ca(cy)
of both wings agrees up to capyx, While theoretically

the induced drag of wing No. 1 should be about l percent
higher than that of wing No. 5.

2. 100-percent flaps (figs. 6 and 9).- With split
flaps over the entlre span the maximum 1ift coefficlent
for wing No. 5 1s 0.2 higher than for wing No. 1 (cf. refer-
ence T, Tfig. 9). TUnusual and not quilte explainable is
the dissimilarity in zero 1ift angle - 12.8° for wing
No. 5 and -12° for wing No. 1. This as well as the
(slight) curvature of c¢g(a) and the substantial curva-
ture of om(a) near c¢g = 0 1s perhaps attributable to
separation phenomena. As for the rest, the difference
in the oy of both wings 1s due 1n part to the fact
that the coeffilcient was formed with the reference

‘chord 1p = g rather than with the so-called aerody-

namic wing chord. The conversion of the c¢yo = 0.203
value of wing No. 1 to No. 5 would give oMo = -0.211, as
against cyo = ~0.228 by measurement. The polar of wing
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No. 1 1s shifted toward the right by the constant amount
Acy = 0.28, for which also no true reason can be seen.

3., 50-percent flaps (figs. 5 and 8).~ With flaps over
50 percent o he span the capg, oOf wing No. 1 1s 0.1
smaller than that of wing No. 5. The zero lift angles are
-8.3 percent for wing No. 5 and -7.3° for wing No. 1.
Utilizing the profile characteristic a5 = -12° glves,
theoretically, agp = -7.25° for wing No. 5 and ag=-6.76°
for wing No. 1. That .the measured difference exceeds 0.5°
1s probably due to the deviation with full-span flaps.
The reduction of the moment cy, = ~0.103 measured on the
rectengular wing to the trapezolidal wing gives oyo=0.1l1
instead of the measured cyo = -0.145. The induced drag
of the rectangular wing 1s less than that of the trape-
zoldal wing.

B. YAWED FLOW

A correlation of the test data for the area of sound

flow2 1s to be found in the figures 13 to 16, while the
adjolning figures lndicate further interpretations of
these results. Regarding the various coefflcients the
followlng should be noteds

l. TAft.- Dividing the 1ift existing for angle of
yaw B By the 1i1ft at $ = 0 and equal angle of attack
should give, theoretically, coszﬁ. This law 1s very
rigorously complied wigh, for both with and without flaps,
accordling to figure 217,

2. Drag.- The drag of the wing without flaps diverges
in part conslderably from the ocosef law (cf. fig. 21).
This departure might 1n a large measure be attributable

to the instrumental lnaccuracy caused by the smallness

2At the highest angles of attack shown, breskdown
phenomena are already vislible in part.

5In figures 21 and 22 points which actually should
merge are pulled apart alcng the p-axis, that 1s, placed
along side sach other.
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of oy and in part to the friction drag which certainly
‘'heed not beksve like cos2@, With 100 percent fleps the
teat polnts c'/bws 1ie better .on the curve cos2p,

while in this 1nstance, wing No. 1 rather followed a
cos33 1law.

At zero 1ift the drag of the wing with continuous
.8pllt flans conslsts practically only of pressure drag
introduced by the dead-air region of the flaps; the
resulting force 1s therefore parallel to the plane of
symmetry of the wing in yawing. Since the effective alr-
speed Iin yawlng becomes smaller by the factor cos B,

the pressure drag varies.by the factor cos2p and hence
the dreg coefficilent (cw)ca =0 (parallel to wind direc-

tion) by the factor cos3ﬁ. Why the wing No. 5 in con-
trast to wing No. 1 does not follow thils law 1s not
evident. Theoretically, the induced _drag must, as
explained In reference 7 act as cosap.

3. Pltckhing moment.- For the pltching moment wlth

and wilthout flaps the cosap law also agrees very well
(cf. fig. 23), that is, the neutral point and the center
of pressure poalition are not affected by yawlng. At
high ¢g values the variation with flaps 1s a 1llttile

less than coaap.

l. Transverse force, cross-wind force.- With the
coefficients of pressure, friction, and Induced drag
denoted by cCyp, CwRs and cyi (where cyp and cowi
signify forces perpendicular to the 1/l 1line, while ogy
i1s parallel to the wind), ' e

cy = cos p (cyp + cwi) + cwR (1)
cq = -5in B (cyp + cwi) = -tgB (cw - cwR (2)
. oy =8ln p X cep , . . (3)
therefors .
écq
-bT = - (cwg - cng) U-l-)
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bcy _
o CwRg | (5)

For the friction drag cwR - without flaps the profille
drag cyp may be used. Nothing 1s known about the fric-

tion drag with flaps, so for the want of something better
the value cyp wlthout flaps will be used.

Without flaps formula (i) agrees completely, as seen
in figure 17. The agreement ls also satlsfactory with
flaps; 1t would become better even in thls case after
striking of the frictlon term.

The cross-wind force 1s not measured directly by the
balance of the medlium wind tunnel, but computed from the
transverse force and the drag. Since these are not very
accurately measured and largely carrisd out for the
composltion of the cross-wind force, tha determination
of the cross-wind force ls not very reliable as evinced
by the marked scatter and the inferlor systematic curve
distribution of figures 16 and 18. Moreover, negative

oc :
values of ?ﬁg; as they occur on the wing with flaps,

seem quite improbable. In view of this instrumental
dc
inaccuracy and the smallness of E;I no agreement with

theory is of course to be expected. At any rate formula (5)
‘without flaps agrees at least in order of magnitude.,

5 Rollling moment.~ In figure 19 the derivation -SE
' B

of the rolling moment due to yaw 1s plotted agalnat the
11ft coefficient. By theory (reference 1l1)

L, Lo [2x 14015 (2-1) _ 4,49 Cag (6)
op ep A Z +1
de1,0

For wing No. 5 wlthout flaps should really be zero

by reason of the symmetrilical profile; that the measured
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N

curve does not go exactly through the zero point 1is 11kely
"~- to be -due fo deslgn or Jei inaccuracies., For the empliical

factor =x, the value x = 1.2 15 optimim (ef, refer-

ence 1 and 1l) and figure 19 actually shows the theoretilcal

curve with x = 1,2 to be colncildent with the measured

curve to a large extent. 4 flap deflection should act

like & profile camber on the rolling moment due to yaw,

that 1s (reference 3 and 12) it should

acLo 2 ) ’

where cy, 1s the measured zero 1lift moment of the whole
wlng. With the previously employed ¥, values we get,

for 50-percent flaps, %cﬂo = -0.058, and for full-spen

flaps, %T°Mb = =0,091 s&nd correspondingly according to

oc oc
figure 19 —3° :" = -0.049., Admittedly
p
oey,
the curve == {ca) of the wing with 100-percent flaps

B .
diverges, like cy{cg) withlin range of small ¢4, con-
siderably from a straight line and therefore the recti-
de1o

)
exactly as for cmb. Extrapolating the sggaight gortion

between cg = 0.9 and cg = 1.5 gives —= = -0.13

linearly extraploated value nust be taken for

B
instead of -0.04,9. So with this modification even the
formule still 1s lnaccurate and. its appllication to wings
with flaps 1s therefore very rough, quantitatively. Sgith

50-percent flaps the rise in the stralght parts of ?§§ (cq)
is slightly less than with 100 percent flaps; on the

average 1t 1s about equal to the rise of the wing without
flaps .

6. Yawing monent .- For the yawing moment due to yaw
of the wing w%EH T Tlaps the formula
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dc de - Cago
Boy _ dowo [2x1+015:z 1)+008hg1+Dz _O.lcil ag

A Z + 1 A +2 cly

(8)

gives with x = 1.2 a 1little too great a (negative) rise
over cgg® (fig. 20), @s previously observed on the

rectangular wing. The marked deflectlion of the curves
near cg = 0, with flaps, 18 certainly related with the
similar phenomena observed at cy and oy, 8and might

be due to separation of flow. But even in the rest of
dc
the cg range the curve of E$¥ (caa) is far from

straight. An explanation for it may be found in the hint
given ln reference 11 that on cambered proflles a term

c
-{a - ap) LO, according to formula (8), should be added

to the yawing moment, because when plotted against cg2

this term linear in c¢g would cause a curvature of the
oCc1o ocy

to the measured 15;

should produce a lineser curve over caz, as actually is

the cese for the wing with 50 percent flaps according to
figure 20 (aside from the irregular vicilnlty of cg = 0).
No corresponding test was made with 100 percent flaps,

dc
since 1t was not qulte clear what value to use for -—22.

op

curve. Thus adding (a - ag)

VI. COMPARISON OF THE TEST DATA OF THE SWEPT-BACK WITH
THOSE OF STRAIGHT TRAPEZOIDAL WING AND WITH THE
THEORY OF THE SWEPT-BACK WING
A. Straight Alr Flow
Figures L and 9 show the cg(a), ca(w), and ca(cyn)

for the sweepback wing of reference (8) as dashed curves.
The comparison discloses the following:
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- -~1l. Without flaps (figs. % and %2.- At equal angle of
. atta © o & swept-ba wing 1s smaller than
that of the wlng without sweepback. Near a = 0 the

swept-back wing shows 7%% = 3,69 and the stralght wing
de
75? = 3.89, hence a decrease of 5 percent by sweepback,
while by the formula glven in reference 12
Cqa!
1+ :&” .
Cag = s08 ¢ (Cag) _ (9)
a8 cg', cO8 @ @ traslg=o
l+-—-—2-—-—'——
A

e decrease of 1 ﬁercent should be expected. Consldering

de
the uncertelnty in the exporlmental determinatlon of 7;5,
this result agrees with the sxperience cited in refer-
ence 10, that experlence 1lndicates a 11ft decrease only
half as great us formula (9).

The aweepback reduces the maximum 1lift coefflclent
by 0.13%, and the related angle of attuck by about 2°.
However, these cap,, differsnces are, llke the still

greuter differences on the wlng with flaps, intimately
related with the Rsynolds number; they increase, at first,
with Ilncreasing Re and then become smaller agaln (refer-
encesl; and 6)., Unususl is the smoother 1ift deorease of the
swept-back wing after exceeding the maximum 1ift. This

is due to the sc¢paratlon of flow at the wing tips, where

the 1lift loss 1s not so great and wilth lncreasing angle

of attack progresslively moves toward the center, whille

the stralght wing breaks down falrly suddenly from the
center over & large part of the span,

The polara cg(cy) of both wings are almost 1dentical
up to near Camax? the Induced drag is therefore not
- modiflied by the sweepback, whlch agrees with the theory
. within the framowoirk o6f the instrumental- accuracy.
Theoretically, 1t should be 2 percent greater than on the
stralght wing. However, thls result may not be generalized
to other tapers.

e
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On the piltching moment the dissimlilar behavior after
exceeding the maximum 1ift is of primary importance. The
moment experiences an abrupt variation, nose-heavy on the
straight wing, tail-heavy oh the swept-back wing. The
behavlior of the stralight wing 1s explalned by the backward
movement of the center of gravity at the flow separation,
while on the swept-back wing thls effect is over-balanced
by the slimultaneously incipient 1ift loss at the wing tips.

The measured neutral point of the swept-back wing
lies a8t 0.769 mean wing chord Iy = % behind 1/4 of

the wing center section. By the L-method (reference 10)
the value 1s a X % = 0.hh73 X % for the distance of the

load center of gravity of one wing half from the plane of
symmetry and hence %.A tan ¢ = 0,735 for the shifted neutral

point (referred to 1Im) w»roduced by the sweepback, whereby
1t 18 to be assumed that the neutral points of the 1indi-
vidual profile sectlons are not changed by the sweepback.
Observing that the neutral polnt of the straight wing
lies 0.0351y bvefore 11/l, glves a backward position of
the néutral polnt of 0.748 instead of the measured 0.769.
Thet the computed point lles 2 percent Iy before the
measured polnt might be due to the fact that the clted
assumption 1s not entirely correct: as indicated by the
pressure-dlstribution measurement the suction peaks 1n
wing center are materisally dimlinished by the sweepback,
thus causing a backward shifting of the neutral point of
the profile. By the Multhopp method (reference 3) we

get a = 0.472z, % x Atan ¢ = 0.026 und 0,791 for the

backward positlon of the neutral polnt, hence a value
2 percent too high.

Although the profille 1s symmetrlcal, wings Nos. 1, 5,
and 9 manifest at cg = 0 a negative value of c¢yg other
than zero. To what thls phenomenon 1s attributable
(suspension %) 1s not qulte clsar,

2, 100-percent flaps (figs. 6 and 9).+ The sweepback
reduces the zero angle of attack Irom —22.7° to -12.0°.
Whether this 1s connected with the 1rregularities of the

zero 1lift angle mentioned previously or whether the
theoretically antlcipated effect, that the zero lift angle
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owing to flap deflection by. sweepback 1s reduced by a
factor ranging between 1 and ctod @ 1s Involved, 1s
1@pq§p1ble to decide., The ocp({a) curves are severely

curved; in the Cg’ 100 b 228 25,
urved; in the range £ag we got " = 3,7

. - dc .
. for wing No. 5 and 15% = 3,34 for wing No. 9, or a
) . . - . do
decrease of 10 percent in — due to sweepback, which

da .
1a.close to the theoretical 1L percent. The sweepback
lowera the og .. -from 2.10 to 1.58. This 1s due in.°

. . dc .
part to the decresgss in 1;%, but Iin greater measure to

the drop in . angax from 18° to 13°, _The'abrupt drop
in o0a behind cgpug, 18 increased on both wings by the

flaps, although lts magnitude on the swept-back wing is
8lightly less than a third of -that on the straight wing.
The corresponding pltsehing-moment variatlion,however, is
smaller on the stralght than on the swept-back wing and
acts anti-stallihg, while intensifyling it on the swept-
back wing. The polars cg{cy) agree in the range ocg4=0.6

to capgy Of the swept~back wing. For small cg the oy

of the swept-baek wing 1s surprisingly a little higher,
while theoretlecally the drag alt zero 1lift should be

Ly

smaller by the factor cos3 PK (pg = angle of sweepback

of the flaps). For thls drag 1s largely pressure drag
from the dead air region behind-the flapa and hence

perpendicular to the fiaps; the projection on the wind
direction gives a faetor oo0s 9x and the reduction of

the effective afrspeed by cos Qg & factor cos2 gg.

i
'

5..50-peécen£ flaps {figs. 5 and B).+ The sweepback
reduces the °3;Ax from 1,7 to 1.35, due essentlally to
the deorease in Guax from 18° to 14°, The moment

variation on the swephs-back wing .with part-span flaps

(50 percent) 18 eonsiderably less than oxn that with fulle
> span flaps and even a little smaller than without flaps,

but alsoc In the semse -of increasinz angle of attack.

PRy - ey oy Ty -
‘!EIt actually shoul® be considered that the flaps
even on the wlng without sweepback assume & certaln swept-
baock setting.
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The induced drag of the swept-baok wing is appreciably
smallér than that without sweepback. This is readily
apparent when consldering that the sweepback reduces the
11ft accumulatlion produced by the flaps in wing center in
the sense of an approach to the elliptic 1lift dlstribution.

B. Yawed Flow

1. Tift.- The 1ift of the swept-back wing in yew
without I'laps follows the law cos<c3 very closely,
figure 22. But with flaps conslderable departure from

coszﬁ occurs, in contrast to wing No. 5. This 1s due

to the fact that the swept-back wing wlith flaps exhlblts
certaln additive effects in yaw which do not occur on the
stralght wing snd which are essentlally due to the fact
that on the swept-back wing the angle of attack 1s not

ad justed by rotation about the 1/l line as on the stralght
wing. Namely, according to reference (12)

Cg'leo CcOS @
mA -
cg'lc COS @

A

1+

Ca = co82f X Cag + tun®g x sin2p (Cag)a:o (10)

1+2

From this 1t follows that wlithout flaps the law coszp
applies, and that for flap deflection, where the 1ift
for a =0 does not disappear, the 1ift of the aswept-
back wing does not remaln zero, when, starting from zero
11ft 1n stralght flow, the yaw ls begun with constant
angle of attack,

Figure 25 represents the theoretical curves (according
to reference 10) for the swept-back wing without, with
50-percent and wlth 100-percent flaps, along with the
related test points. Aslde from the mazimum angles of
attack (separation of flow) the agreement in the first
and last case 1s very good; that i1t la less good for
50-percent flaps 1s not surprising, since formula (10)
was not developed for thls case (the second summand
should be reduced on account of induction).
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e e i e
2. Drag.- A comparlson of EiL in figures 21 arid 22°

manifests on the swept-back wing consliderable departure

from the cosaﬂ curve, due probably to instrumental
inaccuracy, while with flaps the test points are compara-
tively well placed on the ¢os § curve, especially for
smaeller angles of attack. Considering that at zero 1ift

the drag 1s largely pressure drag caused by the flaps,

hence 1s perpendlcular to the flaps, and denoting the drag
coefficlent of a profile sectlon perpendicular to the flap
with c*y, the drag (measured in wind direction) of the
yawlng swept-back wing with 100-percent flaps 1s at small cg

%_[éos5 (¢K - p) + cos? (¢K + 5)]o*w

Cw

= (0083¢K cos?p + 3 cos Pg cos P sianK sinzﬁ) oty
= cos B [} + (3 tan2¢K - 1) sinzﬁ] Cwg (11)

1f og 1s the angle of sweepback of the flaps and Cwg

the drag coefficilent in stralght alr flow (and egqual angle
of attack). For wing No. 9, tangy = 0.554, so that the

¢
brackets are almost equal unity, hence EJL = cos . With

. W
increasing angle_of attack the lnduced drag then increases,
probably as_ cos2B, so that cy/eyg shifts from ocos P
toward. cosaﬁ. Thls actually 1s the case for 100-percent

flapa”; for 50-percent flaps the condltions are more ocom-
Plicated on account of the induced drag exlsting at c¢g=0.

3, Pltching moment.~ A glance at figure 2l shows that
the pitchlng moment does not vary with cos2f 1in yaw.
This 1s particularly.evident with.flaps. But by theory
1tself another law must be applicable with flaps:

With cms® as the zero moment of a profile section

51t 18 a pecullar fact that the relationship
Cw = cos3¢ch* following from the same argument for zero

11ft drag of swept-back and stralght wing 1s not sub-
stantlated by the measurement.
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perpendicular to the 1/ 1line, the zero moment cyo of
the swept-back wing with full-span flaps 1n yaw is

o =3 [rori0 - 1 + s+ 9 ]
= (cos%¢cosaﬁ + singwsinaﬁ) cMyvo (12)

and with the 1lntroductlon of the term oy, = cos?p X c*yo
resulting for B =0 :

CMo = (cosaﬁ + tan2¢ 8in®p) CMog (13)

that 1s, the zero moment is varied by the yaw by the
summand

éMo - CMog — CMog Ltanzm-- 1) sinZB (14)

Starting to yaw from zero 1ift in stralght flow at constant
angle of attack the expression (13) does by no means
represent the complete pltching moment, since the 1lift

by reason of (10) does not remain zero in yawing and
therefore contrlbutes to the moment. So when assuming

that the neutral-polnt positlon xyx (eventually dependent

on cg) does nhot vary in yaw the total difference of the
pltching moment in yaw and for stralght flow ls

cu(a) - cug(e) = agog X {tan®gp - 1) s1n2p + xy (ca - cag)

= Cyog (tano - 1) s1n2B + oyg (ca) - cmg (cqg)

T

(15)
hence, OW1ng to cMg(a) = Gmg(cag)
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oy = oyg (0a) * oyag (t8n°9 - 1) sinp .  (16)

Thua the moment6 for wing No. 9 with 100-percent flaps
in yaw 18 obtalned by taking the 11ft coefflclent cg
exlsting in yaw from the measurement or else compute 1t
by formula (10), read the moment cyg(ca) related to
" this c¢g for straight flow from rigure 6 (dashed curve)
end add the second term of (16), opog 1tself being taken
from figure 6 also. The result of this calculation, shown

'in figure 2L, 1n comparison with the measurement, is in
good agreement. .

Theoretlcally the moment of the swept-back wing
without flaps should behave as .cos23, with an additive
term for 50-percent fleps. But 1in view of the irregular
-varlation of the measured curves no detalled study was
nade.

l,. Transverse force, cross-wind force.- The coeffi-

- cilent of. stabllity %§¥ of the cross-wind force for both

wings is reproduced in flgure 27. Owlng to the compare-
tively great ilnstrumental lnaccuracy no information con-
cerning the effect of sweepback on the smooth wing was

obtalned. However, the marked shlft of ——I to positive

velues as a result of rlap deflection on the swept-back
wlng should be real.

This shift can be explained as follows: With cityp

denoting the coeffiolent of pressure drag of the flaps
(at right angle to the flaps), the coefficlent of the
cross~-wind force at zero 1lift 1s

Cyo = Giyp % [:cos2 (¢K - B) - cos? (gg + B)] sin Qg

" ]

= 2oMyp cos g sinpg sin B cos P (17)

6Sinoe the formula anplles to any reference peint
the subscript- n ‘was omitted.
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and, since by (11l) in strgight flow (friction drag dls-
counted) cyog = cMyp cos’gg

dc '
—S%o‘ =2 tanzq?}: Gwog (18)

On wing No. 9 with 100-percent flaps tan ¢K = 0,55l and
c
Cwog = 0.128, hence —ng = 0.069, a value to some

extent in agreement with the measurement. Theoretically
there 1s another additlve constltuent which 1s based on
phenomena simllar to the 1lift variation and which for the
wing 1n question 1s about of the same order of magnitude
as the effect (18), so that, speaklng as a whole, there
1s no agreement between theory and test.

- dc
Flgure 26 gives the stabllity coefficlent };ﬁ of

g
the transverse force against cag2 for both wings. With-

out flaps there 1ls no differsnce 1n the unstalled flow
regime, the agreement with the thsory according to (L) is
very good even for wing No. 9. But with flaps the trans-
verse force of the swept-back wing is substantlally less
than that of the stralght wing, even though the drag 1s
not essentlally different, so that the formula (L) cannot
be qulte correct for the awspt-back wing. This 1s falrly
evlident because of the relation for the transverse force
of the swept-back wing with flaps at zero 1lift

cg0 = o*up 3[o0s%(vx - 6) stn(ex - B) - cos2(ox +4) stn(e + ﬁ)]f

(19)

hence

d¢czo .
-_b-g_ = G*WD GOSEqJK (_.;anchK - 1) = GWOg (2 tanafPK - 1) (20)
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~- and therefore - - e

__5.9.=-0.
o5 -59

A value in agrcement with the mcesurements. (For the
‘compaflson the stralght part on cg = 0 must be extra-
polated.) Further discussion of the cg curve would
Involve the inductlon which 1s omitted. Strilctly
emplrical it may be sald thut 4 practical agreement with
the measurement 1s obtalned by adding the measured

Cwog - Cwg to (20).

5. Rolling moment.- Flgure 28 shows the rolling
moment due to yaw ol the swept-buck and the straight wing
comnared with the theory according to (12). The recorded
oo
'?ﬁf valuses of the swent-buck wing are connected by curves,
whlle dottcd lines of the ilnternolation are placed through
the test polnt of the stralght wing and which 1s the same
straight line for both the 50-porcent and the 100-percent

. . . e, c
flaps. Whereas the slope of E?L for wing No. 5 1s about

the same wlth and without flaps, 1t 1ls appreclably weaker
for the swept-hack wling with 100-percent flaps than the
nearly agreeable slope with and without 50-percent flaps.
. oc
The behavior of 75? at cg = 0 18 unusuel, While the
values of the stralght and the swept-back wing without
and with 50-percent flaps agree, they are far apart for
the 100-percent flaps, even to'a change in prefix. Thess
phenomena are rvlated wlith the effect of flap deflection
on the swept-back wlng slready dlscussed for .the 1ift,
and can be theoretically explalned,
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Reference 12 contains two formulas derived for the
rolling moment due to yaw as a result of sweepback, one
with induction dlsregarded but for any flap width

) . '
_%%{ = 0.4hy tﬂlln(P Cag + (Z'y'o - _1) (cas)azo] (21)

the other with the induction allowed for, but which holds
only for without and with 100-percent flaps:

5 Cg'm cos @ 1 +°a'°° cos @
G]Ef ot mA A -
op =0.shtanoiil+ cg'o cosqf &8 * Cg'e cO8 @ (cag)ar-'o
1+2 1+2
mA A

(22)
with (cag) = 0 denoting the 1lift coefficlent existing
at a=0 (and p = 0), 8o that this term disappears for
the wing wilthout flaps, The flaps reach from wing center .
to ¥, X %,. hence F, = 0,5 for 50-percent flaps,
and ib = 1 for 100~percent flaps. The formulas glve
bcL
op
of the straight wing (dotted line in fig. 28), to glve
the total morment of the swept-buck wlng.

only the swuepback portion, so must be audded to the

There 18 no very great difference between the formulas
with and without induction. The slope of the recorded
curves wlthout and with 50-vercent flaps 1s very closely
reproduced by ths theory; why the slope for 100-percent
flaps dimlinishes is not clear. The behavior at c¢cg =0

is also very well described by the thuory, while the
statemont (made in reference 12) that the rolling moment
due to yaw as a result of sweepback 1s twlce as high
for a =0 than for c¢g =0 18 also proved correct.

dc
6. Yawing moment.- The stabllity factors ?ﬁ? of
the awept-back and the stralght wing are contrasted in
figure 29. 1In all three cases the restoring moment 1s
Increased by swespback, which 1s, largsly by an lncrease
in the negative slope of -8 relative to caga°

\
1)
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. The theoretical yuwing moment due to yaw as a result
of sweepback (réference 12) on the wing wlthout flaps is

cg'e coa @

oc 2 //
n Cag” - A 2/cos
—-—Rt:_o.h_h_t'a'nw—-—-g-_ l+ 1_ / 2¢
o)) R cg ! cg'e cos @ cglo cos @
. 1+2 1+ -
"~ whA A

A
(23)
a formula that yields too small amounts for wing No. 9
according to flgure 29. The laver arm 0.4l; applicable to
1ift dlstribution should probably bs replaced by a higher
value for the yawing momont.

The compsarlson with theory for the wing with flaps
1s omitted in view of the same aifficulties as sesncountered
for transverse and cross-wini force.

C. Maxlwuwn Lift and Pltching Behavior

1, Mazimum 11ft.- Flgure 30 represents the correlated
Camgx data of wingsdos.5 and 9 (from reference 8) It
indlicates the unfavnrable effsct of the sweepback which,
within the explored FE. range 1s falrly independent of
_ the Reynplds numbeér, Lut on the whole 1s nevertheless

greatly affected by 1t, the differences between straight
and swepht-back wing 1ncrease at flrst with increasing Re,
then become smaller agaln (references Ly anc 6). Regarding
further capgy data on wing No. 9 with landing alds,

reference 9 should be consulted.

2., Pltching behavior.- The pltching actlon of the
stralght and the swept-back trupezoldal wing was lnvestl-
gated by a method.suggested by Iiebe (reference 2),
wheroby a run was made at an angle of attack near cgpgx
over the angle of yaw. From the sbrupt variations in the
- coefficlents, especially the. rolling moment due to yaw
are sub jected, certain deductlons can be made, about the
probable pitching characteristics of the wing with the
adnilttedly restrictive remark that the behavior of the
coefflcisnts in the presence of fuselage, nacelles, stc.,
may change fundamentally and that the study of 1ndividual .
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statlonary coefficlent measurements gives but a very
rough plocture, since the actual pltching process 1s the
complicated (nonstationary) interaction of all six com-
ponents.

The data from the pltehing measurements on wing No. 5
are given in figures 31 to 3l. The angle Capgx Seorved

as angle of attack!. One measurement (f1g. %2) was made
closely behind cgpgr« Flgures 32 to 34 contain two
independent measurcmemts, one made by proceeding from the
(almost) sound state at f = 0 and equal angle of attagk
in directlion of positive angles of yaw, the other in
direction of negative angles of yaw. The latter measure-
ment 18 1ndicated by daghes, This contrast of two
measurements and the graduslly perceptlible symmetry of
the variatlions (the occaslonal dissimilarity in the angle
being dlsconnected) indicates that the behavior 1s not
accldental but subjJect to a certain law, snd hence
embodies « charucteristic of the wing.

On comparing the measurements of the stralght with
those of the swept-back wing (reference 8, figs. 22 to 27)
the difference 1n the bshavior of cg and cp 1s
apperent: on the stralght wing the flow separates first
in the center und causes &« greut varlation 1In cg and a
nose-heavy variation in ¢, while on the swept-back
wing the flow separutes flrst at the tips and shows
small ¢, varlstions and tall-heavy varlatlions in cop.
The variations in the rolling wmoment due to yaw which
precsumably determine the pltching behavior most are a
little greater on the swept-back than on the stralght
wing, but the dlfferenc: 1s not as great as might be
expected perhaps on th. besls of the differently located
breakdown zones, The expnlanation for it 1s that, while
on the swept-back wing the lever arm of the addltional
force created by thev separation is greater, the force
1tself 1s smaller than on the stralght wing, as proved
by the ca ocurve.

On both wings the mounting of flaps causes an increase
in the wvariations.

7As 1s known cg, depends on the temperature and
barometric pressure ofa%he wind, but even at equal state
the values are not always definltely reproduclble. This
explains the minor cgpgx dlfferences found when com-
paring the different dlagrams of the present report,
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A minor dissimilarity, although perhaps of no great
significance in both wings is that the trdnsverse foroce
of the straight wing 1s always near zero for straight
flow even 1n the separated state, whlle 1t can assume
falrly high valueas on the swept-back wing, especlally
when fitted with flaps. The reason for 1t 1s clear:
on the stralght wing the resultant force of half the wing
is parallel to the plane of symmetry at p =0, and
therefore parallel to the wlnd, while on the swept-back
wing 1t i1s largely perpendicular to the- local 1 line
and so can furnish a component perpendicular to the wlnd.

Summling up 1t may be presumed on the basls of the
discussed measurements, that thie swept-back wing by reason
of the somewhat greater varlation in rolling moment due
to yaw and the stalling actlng varlation 1n pltching
moment 1s more unfavoruble than the strulght wlng, aslde
from 1ts substantlally inferlor alleron effect.

Translation by J. Vanler
Natlonal Advisory Committee
for neronautlcs
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